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ABSTRACT
Lens induction is a classical embryologic model to
study cell fate determination. It has been proposed
earlier that specific changes in core histone
modifications accompany the process of cell fate
specification and determination. The lysine
acetyltransferases CBP and p300 function as principal enzymes that modify core histones to facilitate
specific gene expression. Herein, we performed
conditional inactivation of both CBP and p300 in
the ectodermal cells that give rise to the lens
placode. Inactivation of both CBP and p300
resulted in the dramatic discontinuation of all
aspects of lens specification and organogenesis, resulting in aphakia. The CBP/p300/ ectodermal
cells are viable and not prone to apoptosis. These
cells showed reduced expression of Six3 and Sox2,
while expression of Pax6 was not upregulated,
indicating discontinuation of lens induction.
Consequently, expression of aB- and aA-crystallins
was not initiated. Mutant ectoderm exhibited
markedly reduced levels of histone H3 K18 and
K27 acetylation, subtly increased H3 K27me3 and
unaltered overall levels of H3 K9ac and H3 K4me3.

Our data demonstrate that CBP and p300 are
required to establish lens cell-type identity during
lens induction, and suggest that posttranslational
histone modifications are integral to normal cell
fate determination in the mammalian lens.
INTRODUCTION
Cellular differentiation and organogenesis depend on
precise temporal and spatial control of gene expression.
During embryonic development, individual cell types are
speciﬁed through the selective activation and repression of
groups of genes. Genomic DNA in the nucleus is
packaged as a nucleoprotein polymer termed chromatin.
The structure of the chromatin plays an important role in
regulating expression levels for individual genes.
Eukaryotic cells alter chromatin structure primarily via
posttranslational modiﬁcations (PTMs) of histones, and
ATP-dependent remodeling of nucleosomes.
CBP (Crebbp, KAT3A) and p300 (Ep300, KAT3B) are
two members of the KAT3 subfamily of histone Kacetyltransferases (HATs). The histone acetyltransferase
family is composed of 20 distinct enzymes with various
substrate speciﬁcities (1). Their major acetylation targets
include histone H2A at lysine 5 (K5), histone H2B at K12,
15 and 20 and histone H3 at K14, 18 and 27. On histone
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H4, CBP and p300 preferentially modify K12 and K8
residues, respectively (2). Global H3 K18ac and K27ac
levels are dramatically reduced in CBP and p300 double
null mouse ﬁbroblasts (3,4), suggesting that these HATs
are chieﬂy responsible for these PTMs. H3 K27 acetylation is strongly correlated with active enhancers and
promoters (5,6).
Gene targeting studies of p300 and CBP revealed that
CBP and p300 are not fully redundant. Germline inactivation of p300 resulted in multiple defects in organogenesis, including defects in neural tube and heart formation,
attributed to impaired proliferation of the p300 null cells
(7). CBP null embryos developed abnormal blood vessels
and massive hemorrhage that caused death at E10.5 (8).
In addition, abnormalities were found in hematopoiesis,
neural tube closure and embryonic growth. Loss of one
copy of CBP was sufﬁcient to induce defects in hematopoietic differentiation (9). The studies in mice are consistent with human genetic studies that identiﬁed CBP, and,
less frequently, p300, as genes mutated in Rubinstein–
Taybi syndrome (10). Patients typically have mental
retardation, heart disease and malformed thumbs and
toes, and often exhibit ocular defects including cataracts
and glaucoma (10,11). To study CBP and p300 functions
in speciﬁc cell types, conditional gene targeting was
previously performed in T-cell lymphocytes (12), in
renin-positive juxtaglomelular kidney cells (13) and in
photoreceptors (14). These studies found that CBP and
p300 are essential for T-cell formation (12), necessary
for maintenance of renin cell identity (13) and required
for photoreceptor-speciﬁc gene expression (14).
Lens induction provides an advantageous model system
to study both cell fate determination and tissue morphogenesis (15–17). The phenomenon of embryonic induction
involves commitment to, or speciﬁcation of, a new cell fate
resulting from the directed exchange of signals between
the ‘inducing’ and ‘induced’ cells. In the case of the lens,
induction is the ﬁnal step in a multistage process
(see Figure 1) (15,18,19). At the outset, lens bias and competence are transitional properties acquired by ectodermal

cells located in proximity to the anterior neural plate
within the preplacodal region (Figure 1, E8.0–E8.5) (20).
Preplacodal cells give rise to the entire spectrum of cranial
placodes, including the adenohypophyseal, olfactory, lens
and otic placodes (21,22). The lens progenitor cells
become positioned in the region of the head where the
lens placodes will be induced (Figure 1, E8.5–E9.0) (23).
Concurrently, mesoderm- and endoderm-derived tissues,
sources of early inductive signals, retract from the head
region, and the neuroectoderm/prospective optic vesicles
extend bilaterally toward the ectoderm. This results in the
lens-speciﬁcation stage (Figure 1). At this stage, the presumptive lens cells are still developmentally ﬂexible
(24–26). Lens cell determination and lens morphogenesis
are triggered when the bilateral optic vesicles come into
contact with the overlying lens progenitor cells (15). The
speciﬁed cells elongate and form the lens placodes
(Figure 1, E9.5). Each lens placode subsequently invaginates to form a lens pit (Figure 1, E10.0–E10.5). This is
accompanied by invagination of each optic vesicle to
form an optic cup. Each lens pit seals around the edges
and detaches from the surface ectoderm to form the lens
vesicle. The posterior cells of the lens vesicle exit from the
cell cycle and differentiate into the highly elongated
primary lens ﬁber cells (27).
The molecular events that deﬁne the cellular commitment to a new differentiation program during lens induction, and during induction in general, are not yet fully
understood. At the level of chromatin, it has been
proposed that the nuclear organization of chromosomes
as well as the local organization of individual genes may
be altered, and, may thereby govern the formation of individual differentiated cell types (28,29). Alternatively, or
concurrently, a wide range of chromatin modiﬁcations
may be used to establish novel patterns of gene expression.
Core histone PTMs, including acetylation/deacetylation
and methylation/demethylation, are postulated to play
major roles in chromatin organization and in gene regulation, and thus may play critical roles in cell fate determination (30,31). It has not yet been determined which of
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Figure 1. Schematic overview of lens induction in the mouse embryo. Top: Earlier experiments have deﬁned four stages of lens development termed
competence, bias, speciﬁcation and determination, and differentiation (15–21). Middle: Stages of lens morphogenesis are shown at 0.5 day intervals.
Lower: Horizontal arrows indicate the timing of expression of the endogenous Pax6 gene, the Le-Cre transgene and the endogenous aB-crystallin
gene.
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MATERIALS AND METHODS
Ethics statement
Animal husbandry and experiments were conducted in
accordance with the approved protocol of the Albert
Einstein College of Medicine Animal Institute
Committee and the ARVO Statement for the use of
animals in Ophthalmic and Vision Research.

this manuscript, we use the following shorthand nomenclature. Mice with one ﬂoxed allele are termed CBPﬂ/wt or
p300ﬂ/wt, while mice that are homozygous are CBPﬂ/ﬂ or
p300ﬂ/ﬂ. In the presence of a Cre transgene, the ﬂoxed
alleles are conditionally inactivated in the presumptive
lens ectoderm, so we refer to these heterozygous embryos
as CBPwt/ or p300wt/ and the homozygotes as CBP/ or
p300/. Mice that are both CBP/ and p300/ are
termed the double conditional knockout (DCKO) or
double mutant mice.
Hematoxilin and eosin staining, b-galactosidase (X-gal)
staining and gross histology
Hematoxilin and eosin staining of parafﬁn sections was
conducted by the Albert Einstein College of Medicine
Histotechnology and Comparative Pathology Core Unit.
Images were taken with an Axioskop II or AxioObserver
Z1 microscope with Axiovision software (Carl Zeiss,
Thornwood, NY, USA). Embryos from timed matings
of Pax6-Cre mice to ROSA26 reporter mice (abbreviated
as R26R) (40), were stained for lacZ activity by incubation
with X-gal as previously described (41). After examination
and photography, embryos were processed in ethanol and
Histoclear (National Diagnostics) and embedded in
parafﬁn for sectioning. Tissue sections were counterstained with Nuclear Fast Red (Poly Scientiﬁc).

Mouse work: crosses
The CBPﬂox/+ (35), p300ﬂox/+ (12) and Le-cre (36) lines of
mice have been described previously. Cre/GFP expression
in Le-Cre mice begins between E8.5 and E9.0, and its
expression is restricted to the derivatives of surface
ectoderm and is not expressed in the retina (36)
(Figure 1). Genotyping of these alleles by polymerase
chain reaction (PCR) was conducted with primers
described elsewhere (12,36). We also used a second line of
mice, termed Pax6-Cre mice, to obtain Cre expression speciﬁcally in lens progenitor cells. Unlike the Le-Cre mice, the
Pax6-Cre mice do not express Cre in the pancreas. The
Pax6-Cre DNA construct was assembled using the following sequences cloned into the Litmus 28 vector: a 1.3 kb
HincII to NsiI fragment containing the mouse Pax6
ocular epithelial enhancer from the full-length Pax6
promoter (37) (provided by Dr Peter Gruss, Max-PlackInstitute for Biophysical Chemistry), a 975-bp SalI to
BglII fragment containing the mouse P0 Pax6 promoter
and transcription initiation site (from 915 to +60), a
1.7-kb EcoRI fragment from pMC1-Cre (38) (obtained
from Dr Kirk Thomas, University of Utah) containing
the Cre coding sequences followed by neo sequences and
an HSV TK polyA sequence, and a 900-bp sequence from
SV40 including the small t antigen intron and the early
region polyA sequences. This construct does not have the
pancreatic enhancer that is present in the Le-Cre mice. The
Pax6-Cre transgene (5 kb) (Supplementary Figure S1A)
was puriﬁed after digestion of the plasmid with SpeI and
SacI, then injected into one-cell stage FVB mouse embryos
as described (39). Mice were screened by PCR using tail
genomic DNA and Cre speciﬁc primers, sense: 50 ATG
CTT CTG TCC GTT TGC C 30 , antisense: 50 CAA CAC
CAT TTT TTC TGA CCC 30 , yielding a 650 bp product. In

Immunoﬂuorescence
Dissected embryos were ﬁxed in 10% formalin or 4%
paraformaldehyde overnight. Formalin-ﬁxed embryos
were then dehydrated in an ethanol gradient. Tissues
were processed, embedded in parafﬁn and sectioned at
5 mm. Parafﬁn sections were incubated for 1 h at 60 C,
deparafﬁnized in xylene three times for 5 min, 100%
ethanol twice for 3 min, followed by incubation in 95, 80
and 70% ethanol for 1 min each. Antigen retrieval was
done by boiling the slides in 10 mM sodium citrate
(pH 6.9) for 20 min in a vegetable steamer. Slides were
cooled for 20 min and washed twice with phosphate
buffered saline (PBS) for 10 min. Embryos ﬁxed in
paraformaldehyde were cryoprotected in 30% sucrose,
embedded in optimal cutting temperature (OCT) medium
and cryosectioned at 7 mm. Slides were washed twice in PBS
for 10 min. From here on, both parafﬁn and frozen sections
were processed using the same procedure. Slides were
blocked for 30 min at room temperature with Image-iTÕ
FX signal enhancer (Molecular Probes) and washed twice
for 10 min in PBS. Slides were incubated with primary
antibodies [diluted in PBS containing 1% bovine serum
albumin (BSA) and 0.1% Triton-X] overnight at 4 C.
Slides were then washed twice in PBS for 10 min and
incubated with the secondary antibody (diluted in PBS containing 1% BSA and 0.1% Triton-X) plus 40 ,6-diamidino2-phenylindole (DAPI) (1:50 000, Molecular Probes) for
45 min at room temperature. Sections were washed twice
for 10 min in PBS and mounted with VectaShield ﬂuorescent mounting media (Vector).
Primary antibodies used are as follows: Pax6 (1:500,
Covance, PRB#278 P); Six3 (1:500, provided by Drs Wei
Liu and Guillermo Oliver); Foxe3 [1:500, provided by

Downloaded from http://nar.oxfordjournals.org/ at Washington University, Law School Library on February 1, 2014

these alterations are central to the inductive process in any
cell type.
Chromatin remodelers are proposed to partner with
speciﬁc DNA binding transcription factors that recruit
them to individual regulatory domains, including promoters and enhancers. Genetic studies in mice have
demonstrated that a group of three transcription factors
(Pax6, Six3 and Sox2) are required for lens progenitor cell
formation (32,33). The commonly shared chromatin
remodelers that are known to interact with these factors
are CBP and p300 (34). In this study, we aimed to analyze
the function of these remodelers in lens development. Our
data demonstrate that CBP and p300 are required, redundantly, for lens induction, and demonstrate markedly
reduced levels of H3 K18ac and H3 K27ac in the
mutated prospective lens ectoderm.
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normalization. The initial data analysis was based on
P < 0.05 and < 0.01. A list of signiﬁcantly decreased transcripts (P < 0.001 after correction for multiple comparisons) was generated and compared with a list of
differentially expressed genes in Pax6 null surface
ectoderm (46,47), and to the list of genes with lensenriched expression in the iSyTE database (48). The
NCBI Gene Expression Omnibus reference series for
Pax6 and CBP/p300 data sets is GSE49219. The iSyTE
accession number is GSE32334.

Quantiﬁcation of immunoﬂuorescence

Previous KO studies have shown that CBP and p300 null
mice are embryonic lethal at approximately E9.0 (7,8). To
study the roles of these transcriptional co-activators in
lens development, conditional knockout (CKO) CBP
and p300 embryos were generated by crossing CBPﬂox or
p300ﬂox mice (12) with a novel Pax6-Cre line, which was
designed to express Cre recombinase (driven by a Pax6
lens enhancer/promoter) in the lens and corneal precursor
cells of the embryonic head ectoderm but not in the
pancreas (see Supplementary Figure S1). To verify tissue
speciﬁcity of the Cre recombinase, we crossed the Pax6Cre transgenic mice with the Rosa26R LacZ reporter line
(40) (see Supplementary Figure S1B). At E10.5, whole
mount and tissue sections from bigenic embryos showed
LacZ expression speciﬁcally in the lens vesicle (see
Supplementary Figure S1C and D). By E12.5, we
detected LacZ expression throughout the lens
(Supplementary Figure S1D), as well as in the corneal
(Supplementary Figure S1D), conjunctival and the eyelid
epithelial cells, in scattered cells within the retinal
neuroectoderm (Supplementary Figure S1D) and in a
streak of facial epidermal cells derived from the presumptive ectoderm (Supplementary Figure S1C). Whole mount
embryos also exhibited LacZ expression in the forelimbs
and digits but not in the pancreas (Supplementary Figure
S1C). Mice from Pax6-Cre line OVE1644 were crossed to
mice carrying a ﬂoxed CBP or ﬂoxed p300 allele. Bigenic
mice were then inbred to create mice that were Cre
positive and homozygous for one of the ﬂoxed genes. At
postnatal day 26–28, mice with homozygous conditional
deletion of CBP or p300 showed no signs of ocular defects
when compared with WT mice (Figure 2A–C).

The intensities of the immunoﬂuorescence signals of Pax6,
Six3, Sox2, H3K9ac, H3K18ac, H3K27ac, H3K4me3 and
H3K27me3 in the lens placode and optic vesicle from
three sequential slides of each of two embryos from two
litters were measured by Image J software from NIH
(http://rsbweb.nih.gov/ij/) with a ﬁxed threshold. The
tissue areas were outlined in the software program to
quantify the total ﬂuorescence within each tissue. The
signals were normalized by using the staining in optic
vesicle (OV) as an internal control, as in previous published studies from our group (44). Student t-tests were
performed by R-project tool (http://www.r-project.org/)
to establish the signiﬁcance of changes of the protein
levels in wild type (WT) and DCKO mouse PLE.
BrdU and TUNEL analysis
Proliferation was analyzed by intraperitoneal injection of
timed pregnant females with 100 mg BrdU per gram of
mouse body weight (45). The females were sacriﬁced 2 h
after injection and embryos were harvested. Yolk sac
DNA was used for genotyping. Immunostaining of
parafﬁn sections for BrdU was performed by the
Histotechnology and Comparative Pathology Core Unit
(AECOM). TUNEL labeling was conducted on parafﬁn
sections using the DeadEnd Fluorometric TUNEL System
(Promega). Slides were deparafﬁnized, rehydrated and
TUNEL labeling was performed according to manufacturer’s instructions.
Laser microdissection of E10.5 mouse embryos and RNA
expression proﬁling
CBP/p300ﬂ/ﬂ; Pax6-Cre-positive and -negative E10.5
mouse embryos were genotyped, frozen in OCT medium,
sectioned and the lens placode region microdissected using
a Leica LMD 6000 laser microdissection system. Total
RNAs were reverse transcribed and ampliﬁed using the
NuGEN Pico system, as described previously (46).
Ampliﬁed cDNAs from three WT and three double
knockout (KO) embryos of each genotype were analyzed
on Illumina Mouse6-V2 Bead Chip whole-genome microarrays. Transcripts that were signiﬁcantly altered in expression in the WT and KO embryos were determined
using Illumina GenomeStudio software after cubic spline

RESULTS
Mice with conditional deletion of CBP or p300 CKO
display normal lens morphology

Compound effects of CBP and p300 inactivation during
mouse eye development
The lack of a lens phenotype from the inactivation of CBP
or p300, as well as data from previous KO studies, suggested that CBP and p300 are functionally redundant (13).
To address this possibility, Pax6-Cre CBP/p300
compound mutant mice were generated. Histological
analysis revealed that E15.5 CBPwt/; p300wt/ double heterozygous embryos did not have any distinctive lens
defects (Figure 2D). However, E15.5 embryos with conditional inactivation of both alleles of p300 and one allele of
CBP showed numerous vacuoles in lens ﬁber cells
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P. Carlsson (42)]; Sox2 (1:1000, Chemicon, AB5603); aAcrystallin (1:1000, Santa Cruz, sc-22743); aB-crystallin
(1:500, Enzo Life Science, ADI-SPA-223); Prox1 (1:2000,
Abcam, ab37128); GFP (1:500, Invitrogen, A-11122); H3
K9ac (1:1000, Abcam, ab4441); H3 K18ac (1:100, Abcam,
ab1191); H3 K27ac (1:1000, Abcam, ab4729); H3 K4me3
(1:000, Millipore, 07-473); H3 K27me3 (1:1000, Millipore,
07-449); H4 K8ac (1:1000, Abcam, ab15823); H4 K12ac
(1:1000, Abcam, ab46983); anti-CBP (1:100, Santa Cruz
Biotechnology, A-22); anti-p300 (1:500, Santa Cruz
Biotechnology, C-20). Secondary antibodies for immunoﬂuorescence were Alexa Fluor 568 goat anti-rabbit IgG (1:
500, Molecular Probes, A11011) and Alexa Fluor 488 goat
anti-rabbit IgG (1:500, Molecular Probes, A11008).
Imaging was conducted as previously described (43).
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(compare Figure 2D and E). Lenses in which CBP was
absent and one p300 allele was mutated also displayed
lens vacuolization (Figure 2F). In addition, these
embryos had a thinner corneal stroma and showed
failure of eyelid closure (Figure 2F). These data suggest
that lens ﬁber cells require at least two functional alleles of
either CBP or p300, and that one functional allele of p300
cannot fully compensate for loss of CBP during corneal
and eyelid development.
Lens placode morphogenesis is disrupted in CBP/p300
double mutants
We next analyzed the phenotypic impact of the loss of
both CBP and p300 during lens induction (Figure 3).
For this purpose, we used not only the Pax6-Cre mice
but also Le-Cre mice where Cre/GFP expression has previously been shown to begin between E8.5 and E9.0 (36)
(Figure 1). At E9.0, we did not ﬁnd any overt differences
in the prospective lens ectoderm (head surface ectoderm)
between the WT and the double mutant embryos
(genotype analyzed: CBP/; p300/, Le-Cre; data not
shown). In WT as well as in double heterozygous mouse
embryos, the surface ectoderm adjacent to the optic vesicle
thickens at E9.5, forming the lens placode (Figure 3A, A’
and G). During this stage, CBP/p300 double mutants

formed a structure morphologically similar to the
normal lens placode although it was less thickened
(Figure 3B, B’ and H). By E10.5, the normal lens
placode has invaginated to form a lens pit/early lens
vesicle and the neuroepithelium of the optic vesicle has
invaginated to form the optic cup (Figure 3C and I).
However, the double KO embryos failed to form a lens
pit (Figure 3D and J). In addition, the optic vesicle did not
invaginate to form the optic cup although the distal optic
vesicle was formed (compare Figure 3C and I with 3D and
J). At E11.5, the lens vesicle and optic cup have formed in
the double heterozygous ‘control’ embryos (Figure 3K). In
the mutant embryos, eye development is severely disrupted, with the absence of lens tissue and the presence
of a mis-folded retina that protrudes from the head
(Figure 3L). At E14.0 and E15.5, while eye development
has progressed normally with the formation of
differentiating cornea, lens and retina in the double heterozygous ‘control’ embryos, development of the anterior
segment and retina in the mutant embryos is severely
compromised (compare Figure 3E and F, 3M and N).
The defects elicited using Le-Cre for the DCKO of CBP
and p300 were comparable with those obtained using
Pax6-Cre (Figure 3), implying that the modiﬁed Pax6
promoter in the Pax6-Cre mice is active by E8.5–E9.
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Figure 2. Disrupted lens ﬁber cell homeostasis following the loss of either combination of three CBP and p300 alleles. (A) Normal lens in WT
4-week-old mouse. (B) Normal lens appearance of the CBP/ CKO. (C) Normal lens appearance of the p300/ CKO. (D) Normal lens morphogenesis in the double CBPwt//p300wt/ heterozygous (control) E15.5 embryo. (E) Lens ﬁber cell differentiation in CBPwt//p300/ embryo is
accompanied by extensive formation of vacuoles. (F) In CBP//p300wt/ embryos, lens ﬁber cells also display a similar pattern of vacuolization.
In addition, these E15.5 embryos show a defect in eyelid closure (red box) as well as a thinner cornea (red arrow). Pax6-Cre was used for conditional
gene inactivation.
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Anophthalmia is visible in DCKO newborn mice
(Supplementary Figure S2).
Depletion of CBP and p300 does not block S phase entry
and does not induce apoptosis in the presumptive lens
ectodermal cells
To conﬁrm that gene targeting of CBP and p300 resulted in
depletion of these proteins in the head surface ectoderm, we
conducted immunoﬂuorescence analyses using speciﬁc
antibodies. CBPwt/; p300wt/ embryos showed normal
eye formation and were used as ‘controls’ (Figure 4). Both
CBP and p300 were found in the lens placode, surface
ectoderm, optic cup and periocular mesenchyme (Figure
4A). In contrast, levels of both proteins were substantially
reduced in the E9.5 DCKO presumptive lens ectoderm
(Figure 4A, indicated by white arrowheads), but not in
the optic vesicles (Figure 4A). We next tested whether the
aphakic phenotype in the CBP/p300 double mutants could

be attributed to defects in cell cycle entry and/or to apoptosis as shown for Six3 mutants (49). BrdU labeling at E10.5
revealed a reduced number of proliferative cells in the
double mutant surface ectoderm in comparison with the
CBPwt/; p300wt/ (Figure 4B, compare panels A’ and B’),
but some cells are still BrdU positive. TUNEL labeling did
not show any apoptotic cells within the E10.5 mutant
surface ectoderm (Figure 4B, white arrow, compare
panels C’ and D’). In addition, ectodermal cells of E12.5
DCKO embryos stained positive for green ﬂuorescent
protein (GFP) expression from the Le-Cre transgene (see
Figure 4C, panels D’’ and E’’). This provides further
evidence that the CBP/p300 double mutated ectoderm-like
cells are viable. We conclude that Cre-mediated recombination of the ﬂoxed CBP and p300 alleles terminate expression of these enzymes in the surface ectoderm. In addition,
our data show that the loss of lens formation is not due to
death or disappearance of the lens progenitor cells.
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Figure 3. Lenses are not induced in CBP/p300 double mutants (DCKO). (A–F) DCKO embryos with the Le-Cre line. At E9.5, the overlying lens
ectoderm appears morphologically similar in ‘control’ double heterozygous (A, A’) and double mutant embryos (B, B’). Higher magniﬁcations are
shown in panels A’ and B’. At E10.5, the ‘control’ embryo forms a lens vesicle (C). No lens vesicle is formed in the double mutant (D). At E14, the
‘control’ embryo shows a well-developed lens (E). In the CBP/p300 double null mutant, the malformed eye lacks the lens, and retinal and anterior
segment development is compromised (F). (G–N) DCKO experiments with the Pax6-Cre line. At E9.5, presumptive lens ectoderm appears normal in
the double heterozygous ‘control’ (G) and the double mutant embryo (H). At E10.5, the lens vesicle has formed in the ‘control’ embryo (I) but is
absent in the double mutant (J). At E11.5, primary lens ﬁber cell differentiation has initiated in the ‘control’ embryo (K) while no rudimentary lens
structure is present in the double mutant (L). At E15.5, the ‘control’ embryo shows a growing lens (M). In the CBP/p300 double null mutant, the
malformed eye extrudes from the embryo’s head (N). Abbreviations: PLE, presumptive lens ectoderm; OV, optic vesicle; LE, lens; NR, neural retina.
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Figure 4. Characterization of CBP/p300 double CKO prospective lens ectoderm. (A) Immunostaining for CBP and p300 proteins. Both proteins are
depleted in E9.5 mutant (CBP/; p300/; Le-Cre+/) presumptive lens ectoderm cells (indicated by white arrowheads) but are detected in the
double heterozygous (CBPwt/; p300wt/; Le-Cre+/) ‘control’ ectoderm. The panels on right are higher magniﬁcations of images shown on left.
(B) Cell proliferation and apoptosis assays in E10.5 embryos. BrdU immunohistochemical staining is shown in the lens pit of a ‘control’ embryo
(A’, red arrow). Less BrdU staining is apparent in the ectoderm area of the CBP/p300 DCKO embryo (B’, red arrow). TUNEL labeling is shown in
panels C’, D’. Apoptotic cells are not found at the ectoderm of the double mutant (D’, white arrow). In the ‘control’ embryo, apoptosis can be seen
in cells (red arrow) at the boundary between the invaginating lens pit and the adjacent surface ectoderm. In both embryos, a cluster of apoptotic cells
(continued)
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Lens cell fate speciﬁcation and determination is altered in
CBP/p300 double mutants

Identiﬁcation of differentially expressed genes in lens
placode/surface ectoderm between WT and CBP/p300
DCKO embryos
To identify genes whose expression is altered upon loss of
CBP and p300 during lens placode formation, we performed whole-genome RNA expression proﬁling using
bead microarrays (Illumina) to evaluate the transcriptome
of the mutated surface ectoderm. We compared gene
expression levels in E10.5 WT and CBP/p300 DCKO
head surface ectoderms. The RNAs were isolated following laser microdissection as described in ‘Materials and
Methods’ section. Three sets of biological replicates
(3 WT and 3 KO) were analyzed by Illumina
MouseWG-6 v2.0 Expression BeadChip. Statistical and
bioinformatics analyses were performed as described in
‘Materials and Methods’ section. In the CBP/p300 null
embryos, we initially identiﬁed 2418 transcripts that
were signiﬁcantly differentially expressed when compared
with the WT head surface ectoderm/lens placode. Among
them, 1569 were signiﬁcantly decreased and 849 were
increased in expression (P < 0.05). Selected differentially
expressed genes known to be relevant to lens morphogenesis or lens function (P < 0.001) are shown in Table 1.

Figure 4. Continued
is seen in the central domain of the retinal neuroblasts (yellow arrows). (C) Visualization of GFP expression from the Le-Cre/GFP transgene. GFP
expression is driven by the Pax6 promoter in this transgene (36). The GFP staining in the DCKO mutant surface ectoderm at E12.5 (E’’, F’’, white
arrows) provides evidence that the presumptive lens cells are not dying. Moreover, continuous expression of GFP suggests that these cells are not
changing their identity after loss of CBP and p300 expression. Panels A’’, B’’ and C’’, double heterozygote control; panels D’’, E’’ and F’’; DCKO.
GFP, green; DAPI, blue. White arrows point to the GFP-positive ectoderm-like cells. Abbreviations: PLE, presumptive lens ectoderm; LP, lens pit;
OC, optic cup; OV, optic vesicle. Scale bar = 50 mm.
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Lens progenitor cells are characterized by the expression
of the transcription factors Pax6 (36), Six3 (49) and Sox2
(50). Immunostaining for Pax6 in the surface ectoderm at
E9.0 did not show any marked difference in expression
between CBPwt/; p300wt/ and CBP; p300 null embryos
(data not shown). At E9.5, in CBPwt/; p300wt/ embryos,
Pax6 is highly expressed throughout the entirety of the
invaginating lens placode (Figure 5A). Interestingly, in
the mutant ectoderm, Pax6 expression was retained, but
the signal was reduced (Figure 5A). Reduced amounts of
Six3 and Sox2 were also found in the mutated surface
ectoderm compared with the CBPwt/; p300wt/
invaginating lens placode (Figure 5B and C). Staining
intensities for Pax6, Six3 and Sox2 were quantiﬁed and
the results are shown in Figure 5I and Supplementary
Figure S3. Expression of Pax6 was also evaluated at
E10.5 and E11.5 stages. The results show persistently
reduced expression of Pax6 in DCKO mutants
(Supplementary Figure S3). Foxe3, a lens-speciﬁc
marker of lens induction (42), is expressed in CBPwt/;
p300wt/ embryos in the invaginating lens pit (Figure
5D). In CBP/p300 DCKO mutants, expression of Foxe3
was undetected in the presumptive lens ectoderm (Figure
5D). Loss of Foxe3 induction is consistent with the
aborted lens formation in the CBP/p300 double mutants.
Prox1 is a DNA-binding transcription factor required for
expression of g- (52) and b-crystallins (53,54).
Immunoﬂuorescence staining for Prox1 in E11–E11.5
CBPwt/; p300wt/embryos showed Prox1 positive cells
predominantly in the posterior part of the lens vesicle as
previously reported (55) (Figure 5F). No Prox1 staining
was detected in the CBP/p300 double mutant embryos
(Figure 5F). Expression of crystallins has been proposed
to deﬁne the ‘determined state’ for lens progenitor cells
(Figure 1) (15). Immunoﬂuorescence staining for aAand aB-crystallins was conducted in both CBPwt/;
p300wt/and DCKO mutant embryos. Expression of
both crystallins was conﬁrmed in CBPwt/; p300wt/
embryos, but neither protein was detected in mutant
ectoderm (Figure 5G and H). Thus, lens cell determination, i.e. the formation of committed lens progenitor
cells marked by the expression of a-crystallins, was not
achieved in the CBP/p300 double mutants.
To gain additional insights into the status of the presumptive ectoderm, we examined expression of p63,
E-cadherin and a-actin. Transformation-related protein
63 (p63), a transcription factor from the p53/p63/p73
gene family (56), is proposed to function in the commitment, development and maintenance of epithelial cells
(57,58). This factor also serves as a marker for highly

proliferative stem-like cells (59,60). In CBPwt/; p300wt/
embryos, we found that p63 was expressed in the surface
ectoderm of the presumptive cornea and within the lens
vesicle cells attached to this surface ectoderm, but p63
expression was silenced in the cells that had invaginated
to form the lens pit. In contrast, in CBP/p300 mutants, we
found complete loss of p63 expression within this region
(Supplementary Figure S4, compare panels A and B),
implying that p63 expression requires CBP/p300 or that
p63 silencing does not require histone acetylation.
Cadherins are cell adhesion molecules, which have been
shown to be important in lens vesicle separation, lens
epithelial cell adhesion and survival (61). During lens development, N-cad, P-cad and E-cad have distinct spatial
and temporal patterns of expression (62). Cadherins form
protein complexes with catenins, and these complexes associate with F-actin. We analyzed both F-actin and
E-cadherin in the E11.0–E11.5 CBP/p300 double
mutants. Expression of E-cadherin does not change
between the ‘control’ CBPwt/; p300wt/ and DCKO
mutant embryos (Supplementary Figure S4, compare
panels C and D). Based on phalloidin staining, F-actin
in the double heterozygous lens precursor cells exhibited
the typical pattern of higher apical localization
(Supplementary Figure S4E, G). F-actin in the mutant
embryo was more symmetric, with strong staining both
apically and basally in some cells (Supplementary
Figure S4, compare panels G and H).
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Figure 5. Altered expression of lens cell lineage markers. Immunoﬂuorescent detection of (A) Pax6; (B) Sox2; (C) Six3; (D) Foxe3; (E) DAPI;
(F) Prox1; (G) aA-crystallin; (H) aB-crystallin; and (I) Quantitative analysis of Pax6, Sox2 and Six3 expression. In double heterozygous ‘control’
embryos as well as in WT embryos (36,51), expression of Pax6 is upregulated in the presumptive lens ectoderm. In contrast, in DCKO embryos, Pax6
expression is not upregulated (see also quantitative data in Supplementary Figure S3). Expression of Sox2 and Six3 is also reduced in the DCKO
PLE (I). FoxE3 expression is readily detected in the cells of the ‘control’ lens vesicle (D), but is not detected in the DCKO PLE in the area between
the white brackets (D). Strong Prox1 staining is present in the ‘control’ lens vesicle, but Prox1 is not detected in the DCKO (F). Both aA- and
aB-crystallin are expressed in the developing ‘control’ lenses (G, H). In contrast, the mutated prospective lens ectodermal cells do not express these
proteins (G, H). Panels (A–C) are E10.5 embryos, panels (E–H) are E11.0–11.5. Abbreviations: LP, lens pit; LV, lens vesicle; PLE, presumptive lens
ectoderm; OV, optic vesicle. Scale bar = 50 mm.
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Table 1. Transcripts with known function in the lens that decreased signiﬁcantly in CBP/p300 knockout E10.5 lens placodes (listed in order of
decreasing statistical signiﬁcance)
Fold decrease
(all P < 0.001)

Description and references

Crybb3
Gja8
Cryge
Prox1
Mip
Crygd
Jag1
Cryba1
Maf
Tgfb2

683
1150
424
24
23
925
25
48
17
20

Cryab
Cryaa
Crygc
Sfrp1
Zeb2
Griﬁn
Vit
Cryba2
Adamts18

14
50
19
7
7
36
565
301
10

Sparc
Crim1
Cdh2
Mab21l1
Meis1
Adamtsl4

13
7
20
3
7
38

Cited2
Tdrd7
Pitx3
Sox2
Crybb2
Pax6
Crygn
Crygs

2
20
10
2
5
2
4
26

BetaB3-crystallinb
Gap junction protein-a8, Cx-50(63)
GammaE-crystallinb
Prospero-related homeobox-1 (52)
Major intrinsic polypeptide of lens ﬁber cells, aquaporin 0 (64)
GammaD-crystallinb
Jagged-1 (Notch ligand) (65)
BetaA3/A1-crystallin
c-Maf transcription factor (66,67)
Transforming growth factor b-2; may be secreted from the lens epithelium to promote corneal
development (68,69)
AlphaB-crystallinb
AlphaA-crystallinb
GammaC-crystallinb
Secreted frizzled-related protein, a Wnt signaling antagonist (70)
SIP1; Zinc ﬁnger E-box binding homeobox 2 (71)
Galectin-related inter-ﬁber protein (72)
Vitrin; secreted component of the vitreous body
BetaA2-crystallinb
A disintegrase and metalloproteinase with thrombospondin motifs; mutation causes Knobloch
syndrome-2, lens dislocation, cataract (73)
Secreted acidic cysteine rich glycoprotein (74–76)
Cysteine-rich transmembrane BMP regulator (chordin-like) (77)
N-cadherin (61)
Male-abnormal-21-like transcription factor-1 (78)
Meis homeobox transcription factor (79)
A disintegrase and metalloproteinase with thrombospondin motifs; mutations cause lens dislocation (80)
Cbp/p300-interacting transactivator (81)
Tudor-domain containing RNA-binding protein (82)
Pituitary homeobox transcription factor-3 (83)
Sry box transcription factor-2 (84)
BetaB2-crystallinb
Paired box-containing transcription factor-6 (36)
GammaN-crystallinb
GammaS-crystallinb

a

Genes shown in green ﬁeld can be also found in the iSyTE.
The primary function of the crystallin genes is assumed to be their contribution to the transparency and refractive power of the lens.

b

Notably, expression of a number of crystallin genes,
including Crybb3, Cryge, Crygd and Cryba2, was
reduced >100-fold. We next compared these results with
genes that were differentially expressed in Pax6 null
ectoderm (46,47). A total of 231 transcripts were
decreased in expression in both the Pax6 and CBP/p300
CKOs (P < 0.05), including the DNA-binding transcription factors MafB, c-Maf, Sox2, Otx1, Prox1, Pitx3,
Foxe3 and Zeb2. These data show that the disrupted
lens placode formation in both Pax6 and CBP/p300
mutants is caused through shared molecular mechanisms
that converge on a set of genes critical for lens lineage
formation, and for subsequent stages of lens development.
Among the genes that were decreased in CBP/p300, but
not in Pax6 CKOs, previous genetic studies demonstrated
that speciﬁc genes, including BMP7 (85), Cited2 (81), Bcor
(86), Sox11 (87,88) and N-Myc (89), play unique roles in
lens development. Transcripts that showed the most statistically signiﬁcant decreases in expression both in the
absence of Pax6 and in the absence of CBP/p300 are highlighted in Supplementary Table S1.

We also compared the transcripts that were decreased in
the CBP/p300 mutant ectoderm to genes in the iSyTE
database. The iSyTE database contains transcripts that
are preferentially expressed in the developing lens,
compared with the whole embryo (48). Of the top 563
transcripts that were signiﬁcantly decreased in expression
in the CBP/p300 mutants (P < 0.01), 205 (36%) were preferentially expressed in the lens either at E10.5, E11.5 or
E12.5 (P < 0.004) (Supplementary Table S1). Notably, the
top 50 differentially expressed genes in CBP/p300 mutants
include 34 (68%) genes identiﬁed by the iSyTE analysis
(Supplementary Table S1). Overall, the transcripts that are
dependent for their expression on CBP/p300 at E10.5
include both ‘lens-enriched’ transcripts and transcripts
that are expressed in other cell types during
embryogenesis.
Disrupted histone acetylation patterns in the mutated
ectoderms
Finally, to examine histone PTMs during normal and
aborted lens placode formation, we used antibodies
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DISCUSSION
The present data demonstrate that CBP and p300 are essential genes for lens induction. The data suggest that
KAT3 HAT activity, mediated by CBP and p300 is
required in the Pax6-expressing prospective lens cells for
lens induction. Almost all molecular and morphological
aspects of lens placode development (Figure 1) are
severely disrupted within 12 h after the targeted inactivation of both CBP and p300 by Le-Cre. This result
supports the notion that the presumptive competent lens
precursor cells are uncommitted and developmentally
ﬂexible before the arrival of the optic vesicle (24–26).
The absence of expression of Foxe3, Prox1 and aA- and
aB-crystallins provides strong evidence that lens determination (Figure 1) is not achieved.
In addition, our results suggest that acetylation of core
histones, and possibly other substrates, plays a central role
in the process of commitment to the lens differentiation
program. Although 18 additional KATs are found in
mouse genome, they do not compensate for the loss of
CBP and p300. The discontinuation of lens cell determination occurred concomitant with a signiﬁcant reduction in
global acetylation of H3 K18 and K27 residues in the
prospective lens ectoderm (Figure 6).
In the double CBP/p300 mutant embryos, the aborted
state of lens development phenocopies the defects that are
seen following conditional inactivation of the mouse Pax6
gene using the Le-Cre driver (33,36). The previous detection of a Pax6-p300 complex, shown in nuclear extracts

from pancreatic b-cells (90), suggests that CBP/p300 and
Pax6 may be coordinately recruited to a common set of
target genes (91). At the molecular level, RNA expression
proﬁling revealed that 231 (14.7%) of 1569 differentially
downregulated transcripts are shared between the CBP/
p300 and Pax6 conditional gene targeting models. This
difference between genes downstream of Pax6 and CBP/
p300 may reﬂect the fact that CBP/p300 can be targeted to
other sites in the genome by other transcription factors in
addition to Pax6 (90), that Pax6 may interact with other
co-activators at certain target sites in the genome, and/or
the fact that the CBP/p300 double mutants continue to
express Pax6 in the mutated ectoderm. Although Pax6
expression is moderately reduced in the CBP/p300
double mutant ectoderm, this would not explain the
defects in lens placode formation as inactivation of one
Pax6 allele delays lens placode formation but does not
eliminate lens formation (51). The reduced expression of
many genes that are critical for lens formation, including
c-Maf, Foxe3, Otx1, Pitx3, Prox1, Six3, Sox2 and Zeb2,
supports the idea that depletion of CBP and p300 disrupts
the ‘core’ Pax6-dependent genetic machinery of lens cell
fate determination and differentiation (Six3 ! Pax6 !
Sox2). Many of the downregulated genes are included in
the iSyTE database of genes (48) (Supplementary Table
S1), a database that contains a highly enriched population
of lens disease genes and serves as a unique resource for
novel gene discoveries (82). Taken together with cataracts
found in many patients with CBP mutations (10,11), we
propose that the genes that are downregulated in the CBP/
p300 mutants provide an additional source of candidate
genes for human cataracts.
The CBP/p300-regulated group of genes includes BMP7
(85,92) (not in Supplementary Table S1, P < 0.01, but in
the 1569 gene list, P < 0.05). Although BMP4 and BMP7
are growth factors required for lens progenitor cell formation (85,92–94), the CBP/p300-dependent expression of
BMP7 in the lens placode could be important for autocrine signaling within the surface ectoderm. In addition,
lens morphogenesis, but not lens induction, requires the
FGF receptors (95,96). The nuclear targets of FGF signaling in the lens are poorly characterized. Nevertheless,
studies of FGF signaling in other systems have shown key
roles for AP-1 and Ets transcription factors (97,98).
Reduced expression of c-Jun, an AP-1 factor and Etv5/
ERM, an Ets factor, is found in the CBP/p300-depleted
PLE. Interestingly, both c-Jun and Etv5/ERM are expressed in the embryonic lens vesicle in temporal/spatial
patterns, suggesting they may play a role in lens differentiation (Q.X. and A.C., unpublished data).
Our data demonstrate that commitment to the lens cell
differentiation program does not occur in the absence of
CBP and p300. Although acetylation of H3 K18 and K27
can be catalyzed in vitro by other enzymes, such as PCAF,
Tip60 and SRC-1, our results show that CBP and p300
catalyze these modiﬁcations in the cells of the mouse lens
placode. Low abundance of H4 K8ac and H4 K12ac in the
presumptive lens ectoderm of E9.5 mouse embryos
suggests that these H4 modiﬁcations are not required for
lens induction. The presence and distribution of other
acetylated versions of the histones, such as H3 K14ac
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against speciﬁc acetylated and methylated histone H3
proteins. Levels of H3 K9ac, a modiﬁcation known to
be catalyzed by HATs other than the CBP/p300 KAT3
subfamily (1), were not signiﬁcantly altered (Figure 6A,
A’). In contrast, in the double mutant presumptive lens
ectoderm, H3 K18ac and H3 K27ac were markedly
reduced (Figure 6B, B’ and C, C’) as further shown by
quantitative analysis of the immunoﬂuorescence data
(Figure 6F). We also examined H4 K8ac and K12ac
PTMs. In E9.5 embryos, the levels of these modiﬁcations
were low compared with E12.5 mouse embryos
(Supplementary Figure S5). No changes of H4 K8ac and
H4 K12ac were found between the E9.5 control and
DCKO
embryos
(Supplementary
Figure
S5).
Interestingly, acetylation of H4 in the E12.5 lenses
seemed to be increased during the initial stages of ﬁber
cell formation (Supplementary Figure S5C’ and F’). We
next assayed for changes in the methylation status of
histone H3. Although we found no changes using
antibodies that recognize H3 K4me3, we did see a subtle
increase in H3 K27me3 (Figure 6D–F). Collectively, our
data show that inactivation of CBP/p300 results in
reduced expression of both proteins followed by selective
reduction in acetylated H3 K18 and K27 in the mutated
head ectoderm. Consequently, the lens progenitor cells
attenuate expression of many transcripts encoding
proteins critical for lens development and lens morphogenesis. The processes of lens induction and lens cell speciﬁcation progress no further.
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Figure 6. Patterns of histone acetylation and methylation. Immunoﬂuorescence, two left columns; immunoﬂuorescence/DAPI, two right columns.
Detection of H3 K9ac in control (A) and mutated embryos (A’). Detection of H3 K18ac in control (B) and mutated embryos (B’). Detection of H3
K27ac in control (C) and mutated (C’) embryos. Detection of H3 K4me3 in control (D) and mutated (D’) embryos. Detection of H3 K27me3 in
control (E) and mutated (E’) embryos. Quantitative analysis of immunoﬂuorescence of H3K9ac, K18ac, K27ac, K4me3 and K27me3 (F). Levels of
H3 K18ac and H3 K27ac are markedly reduced (white arrows) in the presumptive lens ectodermal cells of the double CKO embryos. The presumptive lens ectoderm showing normal levels of histone PTMs is labeled by yellow arrow. Quantitative analyses of histone acetylation in
presumptive lens ectoderm (PLE) are shown in (F). Abbreviations: PLE, presumptive lens ectoderm; OV, optic vesicle.
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through the establishment of the requisite histone code
(100,116,117) on a widespread cohort of genes that are
essential for this unique differentiation program. The
location/map (or plat) of these histone modiﬁcations,
which could be referred to as a histoplat, may establish
or dictate cellular identity and may represent a critical
aspect of the partitioning system that is implemented to
allow a single genome to be reconﬁgured as necessary to
provide the distinct gene expression patterns that are
needed to specify a collection of distinct embryonic and
adult cell types.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
ACKNOWLEDGEMENTS
We thank Dong-cai Liang for the embryo injections to
create the Pax6-Cre transgenic mice. We thank Drs
Peter Gruss for the DNA containing the mouse Pax6
promoter-enhancer, Peter Carlsson for Foxe3 antibodies
and Guillermo Oliver for Six3 antibodies.
FUNDING
NIH [EY014237 to A.C., EY014237S1 to A.C., EY04853
to D.C.B., EY021505 to D.C.B. and S.A.L.]; Ocular
Development Fund (PAO); unrestricted departmental
grants from Research to Prevent Blindness to the
Departments of Ophthalmology and Visual Sciences at
the Albert Einstein College of Medicine and Washington
University School of Medicine; Microarray analysis by the
Genome Technology Access Center at Washington
University was supported in part by a grant to the
Institute of Clinical and Translational Sciences [UL1
TR000448]; Irma T. Hirschl Career Scientist Award (to
A.C.). Funding for open access charge: NIH [EY014237
to A.C.].
Conﬂict of interest statement. None declared.
REFERENCES
1. Bedford,D.C., Kasper,L.H., Fukuyama,T. and Brindle,P.K. (2010)
Target gene context inﬂuences the transcriptional requirement for
the KAT3 family of CBP and p300 histone acetyltransferases.
Epigenetics, 5, 9–15.
2. McManus,K.J. and Hendzel,M.J. (2003) Quantitative analysis of
CBP- and P300-induced histone acetylations in vivo using native
chromatin. Mol. Cell. Biol., 23, 7611–7627.
3. Jin,Q., Yu,L.R., Wang,L., Zhang,Z., Kasper,L.H., Lee,J.E., Wang,C.,
Brindle,P.K., Dent,S.Y. and Ge,K. (2011) Distinct roles of GCN5/
PCAF-mediated H3K9ac and CBP/p300-mediated H3K18/27ac in
nuclear receptor transactivation. EMBO J., 30, 249–262.
4. Kasper,L.H., Lerach,S., Wang,J., Wu,S., Jeevan,T. and
Brindle,P.K. (2010) CBP/p300 double null cells reveal effect of
coactivator level and diversity on CREB transactivation. EMBO
J., 29, 3660–3672.
5. Bulger,M. and Groudine,M. (2011) Functional and mechanistic
diversity of distal transcription enhancers. Cell, 144, 327–339.
6. Williamson,I., Hill,R.E. and Bickmore,W.A. (2011) Enhancers:
from developmental genetics to the genetics of common human
disease. Dev. Cell, 21, 17–19.

Downloaded from http://nar.oxfordjournals.org/ at Washington University, Law School Library on February 1, 2014

and H3 K23ac, H2A K5ac, H2B K12ac and K15ac, and
H4 K5ac, remain to be determined in the lens placode. It
has previously been proposed that histone PTMs are
needed to establish cell type memory during embryonic
development (31,99,100). Our results provide in vivo
support for this prediction because we show that CBP
and p300 are necessary for the coordinated embryonic
determination of cellular identity for all of the cells that
normally form the lens. Another possibility is that the
mutant lens cells can no longer acetylate certain critical
transcription factors that are expressed in the preplacodal
surface ectoderm including Etv1/ER81 (101), Ets1 (102),
GABPa (103), CtBP2 (104) and/or b-catenin (105).
Interestingly, b-catenin inhibits lens formation and its
activity is blocked in the surface ectoderm (106). These
two modes of CBP/p300 action are not mutually exclusive.
Abnormal lens ﬁber cell differentiation in mouse
embryos with one remaining functional allele of either
CBP or p300 is in agreement with earlier studies of these
proteins in the lens. The function of CBP and p300 in lens
development was ﬁrst probed using lens-speciﬁc expression of a T-antigen mutant (E107K) in transgenic mice
(107). This truncated protein, which was known to associate with CBP/p300 and to interfere with their functions,
was found to severely impair the lens ﬁber cell differentiation program (107,108). Additional studies indicated a
direct interaction of CBP/p300 with c-Maf (109), a regulator of crystallin gene expression (66,67,110–114).
Co-transfection of c-Maf and CBP/p300 activated the
aA-crystallin promoter in cell culture reporter assays
(109). Expression of CBP is upregulated in differentiating
lens ﬁbers (115). In contrast, expression levels of p300 are
similar in both lens epithelium and lens ﬁbers (115).
Chromatin immunoprecipitation studies previously
identiﬁed both CBP and p300 at the mouse aA-crystallin
locus (115). Finally, a study of patients with Rubinstein–
Taybi syndrome caused by mutations in CBP found 15
congenital cataracts in 81 case reports (11).
Our CBP and p300 gene dosage studies suggest that, in
the absence of p300, a single functional allele of CBP is
sufﬁcient for normal corneal development and eyelid
closure, but in the absence of CBP, a single functional
allele of p300 is no longer sufﬁcient for these developmental pathways. It is noteworthy that expression of p300 is
paradoxically higher than CBP in the cornea and eyelid
(115). In addition, a single residual allele of either CBP or
p300 is sufﬁcient for lens formation but insufﬁcient to
allow lens ﬁber cells to maintain their normal phenotype.
In summary, CBP and p300 are required redundantly
for successful progression down the pathway of lens differentiation. Our data indicate that they are required for
the conversion of competent lens progenitor cells to
determined (committed) lens cells, a process that is relatively irreversible. CBP and p300 proteins coordinately
regulate the expression of a large cohort of critical
genes, and they are important enzymes that determine
the levels of acetylated K18 and K27 residues in histone
H3 tails in the lens precursor cells. These enzymes may
help to establish an epigenetic signature on the genes
that are central to the lens differentiation program. We
propose that lens cell fate may be achieved in part

10212 Nucleic Acids Research, 2013, Vol. 41, No. 22

28. Misteli,T. (2009) Self-organization in the genome. Proc. Natl
Acad. Sci. USA, 106, 6885–6886.
29. van Steensel,B. and Dekker,J. (2010) Genomics tools for
unraveling chromosome architecture. Nat. Biotechnol., 28,
1089–1095.
30. Berger,S.L. (2007) The complex language of chromatin regulation
during transcription. Nature, 447, 407–412.
31. Margueron,R. and Reinberg,D. (2010) Chromatin structure and
the inheritance of epigenetic information. Nat. Rev. Genet., 11,
285–296.
32. Cvekl,A. and Duncan,M.K. (2007) Genetic and epigenetic
mechanisms of gene regulation during lens development. Prog.
Retin. Eye Res., 26, 555–597.
33. Shaham,O., Menuchin,Y., Farhy,C. and Ashery-Padan,R. (2012)
Pax6: a multi-level regulator of ocular development. Prog. Retin.
Eye Res., 31, 351–376.
34. Cvekl,A. and Mitton,K.P. (2010) Epigenetic regulatory
mechanisms in vertebrate eye development and disease. Heredity
(Edinb.), 105, 135–151.
35. Kang-Decker,N., Tong,C., Boussouar,F., Baker,D.J., Xu,W.,
Leontovich,A.A., Taylor,W.R., Brindle,P.K. and van
Deursen,J.M. (2004) Loss of CBP causes T cell lymphomagenesis
in synergy with p27Kip1 insufﬁciency. Cancer Cell, 5, 177–189.
36. Ashery-Padan,R., Marquardt,T., Zhou,X. and Gruss,P. (2000)
Pax6 activity in the lens primordium is required for lens
formation and for correct placement of a single retina in the eye.
Genes Dev., 14, 2701–2711.
37. Kammandel,B., Chowdhury,K., Stoykova,A., Aparicio,S.,
Brenner,S. and Gruss,P. (1999) Distinct cis-essential modules
direct the time-space pattern of the Pax6 gene activity. Dev. Biol.,
205, 79–97.
38. Gu,H., Zou,Y.R. and Rajewsky,K. (1993) Independent control of
immunoglobulin switch recombination at individual switch regions
evidenced through Cre-loxP-mediated gene targeting. Cell, 73,
1155–1164.
39. Taketo,M., Schroeder,A.C., Mobraaten,L.E., Gunning,K.B.,
Hanten,G., Fox,R.R., Roderick,T.H., Stewart,C.L., Lilly,F.,
Hansen,C.T. et al. (1991) FVB/N: an inbred mouse strain
preferable for transgenic analyses. Proc. Natl Acad. Sci. USA, 88,
2065–2069.
40. Soriano,P. (1999) Generalized lacZ expression with the ROSA26
Cre reporter strain. Nat. Genet., 21, 70–71.
41. Zhao,S. and Overbeek,P.A. (1999) Tyrosinase-related protein 2
promoter targets transgene expression to ocular and neural crestderived tissues. Dev. Biol., 216, 154–163.
42. Blixt,A., Mahlapuu,M., Aitola,M., Pelto-Huikko,M., Enerback,S.
and Carlsson,P. (2000) A forkhead gene, FoxE3, is essential for
lens epithelial proliferation and closure of the lens vesicle. Genes
Dev., 14, 245–254.
43. Reed,N.A., Oh,D.J., Czymmek,K.J. and Duncan,M.K. (2001) An
immunohistochemical method for the detection of proteins in the
vertebrate lens. J. Immunol. Methods, 253, 243–252.
44. Garcia,C.M., Huang,J., Madakashira,B.P., Liu,Y., Rajagopal,R.,
Dattilo,L., Robinson,M.L. and Beebe,D.C. (2011) The
function of FGF signaling in the lens placode. Dev. Biol., 351,
176–185.
45. Lovicu,F.J. and Overbeek,P.A. (1998) Overlapping effects of
different members of the FGF family on lens ﬁber differentiation
in transgenic mice. Development, 125, 3365–3377.
46. Huang,J., Rajagopal,R., Liu,Y., Dattilo,L.K., Shaham,O., AsheryPadan,R. and Beebe,D.C. (2011) The mechanism of lens placode
formation: a case of matrix-mediated morphogenesis. Dev. Biol.,
355, 32–42.
47. Xie,Q., Yang,Y., Huang,J., Ninkovic,J., Walcher,T., Wolf,L.,
Vitenzon,A., Zheng,D., Gotz,M., Beebe,D.C. et al. (2013) Pax6
interactions with chromatin and identiﬁcation of its novel direct
target genes in lens and forebrain. PLoS One, 8, e54507.
48. Lachke,S.A., Ho,J.W., Kryukov,G.V., O’Connell,D.J.,
Aboukhalil,A., Bulyk,M.L., Park,P.J. and Maas,R.L. (2012)
iSyTE: integrated Systems Tool for Eye gene discovery. Invest.
Ophthalmol. Vis. Sci., 53, 1617–1627.
49. Liu,W., Lagutin,O.V., Mende,M., Streit,A. and Oliver,G. (2006)
Six3 activation of Pax6 expression is essential for mammalian lens
induction and speciﬁcation. EMBO J., 25, 5383–5395.

Downloaded from http://nar.oxfordjournals.org/ at Washington University, Law School Library on February 1, 2014

7. Yao,T.P., Oh,S.P., Fuchs,M., Zhou,N.D., Ch’ng,L.E.,
Newsome,D., Bronson,R.T., Li,E., Livingston,D.M. and
Eckner,R. (1998) Gene dosage-dependent embryonic development
and proliferation defects in mice lacking the transcriptional
integrator p300. Cell, 93, 361–372.
8. Tanaka,Y., Naruse,I., Hongo,T., Xu,M., Nakahata,T.,
Maekawa,T. and Ishii,S. (2000) Extensive brain hemorrhage and
embryonic lethality in a mouse null mutant of CREB-binding
protein. Mech. Dev., 95, 133–145.
9. Kung,A.L., Rebel,V.I., Bronson,R.T., Ch’ng,L.E., Sieff,C.A.,
Livingston,D.M. and Yao,T.P. (2000) Gene dose-dependent
control of hematopoiesis and hematologic tumor suppression by
CBP. Genes Dev., 14, 272–277.
10. Roelfsema,J.H. and Peters,D.J. (2007) Rubinstein-Taybi
syndrome: clinical and molecular overview. Expert Rev. Mol.
Med., 9, 1–16.
11. van Genderen,M.M., Kinds,G.F., Riemslag,F.C. and
Hennekam,R.C. (2000) Ocular features in Rubinstein-Taybi
syndrome: investigation of 24 patients and review of the
literature. Br. J. Ophthalmol., 84, 1177–1184.
12. Kasper,L.H., Fukuyama,T., Biesen,M.A., Boussouar,F., Tong,C.,
de Pauw,A., Murray,P.J., van Deursen,J.M. and Brindle,P.K.
(2006) Conditional knockout mice reveal distinct functions for the
global transcriptional coactivators CBP and p300 in T-cell
development. Mol. Cell. Biol., 26, 789–809.
13. Gomez,R.A., Pentz,E.S., Jin,X., Cordaillat,M. and Sequeira
Lopez,M.L. (2009) CBP and p300 are essential for renin cell
identity and morphological integrity of the kidney. Am. J.
Physiol. Heart Circ. Physiol., 296, H1255–1262.
14. Hennig,A.K., Peng,G.H. and Chen,S. (2013) Transcription
coactivators p300 and CBP are necessary for photoreceptorspeciﬁc chromatin organization and gene expression. PLoS One,
8, e69721.
15. Grainger,R.M. (1992) Embryonic lens induction: shedding light
on vertebrate tissue determination. Trends Genet., 8, 349–355.
16. Gunhaga,L. (2011) The lens: a classical model of embryonic
induction providing new insights into cell determination in early
development. Philos. Trans. R. Soc. Lond. B. Biol. Sci., 366,
1193–1203.
17. Graw,J. (2003) The genetic and molecular basis of congenital eye
defects. Nat. Rev. Genet., 4, 876–888.
18. Bhattacharyya,S. and Bronner-Fraser,M. (2004) Hierarchy of
regulatory events in sensory placode development. Curr. Opin.
Genet. Dev., 14, 520–526.
19. Donner,A.L., Lachke,S.A. and Maas,R.L. (2006) Lens induction
in vertebrates: variations on a conserved theme of signaling
events. Semin. Cell Dev. Biol., 17, 676–685.
20. Streit,A. (2004) Early development of the cranial sensory nervous
system: from a common ﬁeld to individual placodes. Dev. Biol.,
276, 1–15.
21. Streit,A. (2007) The preplacodal region: an ectodermal domain
with multipotential progenitors that contribute to sense organs
and cranial sensory ganglia. Int. J. Dev. Biol., 51, 447–461.
22. Toro,S. and Varga,Z.M. (2007) Equivalent progenitor cells in the
zebraﬁsh anterior preplacodal ﬁeld give rise to adenohypophysis,
lens, and olfactory placodes. Semin. Cell Dev. Biol., 18, 534–542.
23. Bhattacharyya,S., Bailey,A.P., Bronner-Fraser,M. and Streit,A.
(2004) Segregation of lens and olfactory precursors from a
common territory: cell sorting and reciprocity of Dlx5 and Pax6
expression. Dev. Biol., 271, 403–414.
24. Dutta,S., Dietrich,J.E., Aspock,G., Burdine,R.D., Schier,A.,
Westerﬁeld,M. and Varga,Z.M. (2005) pitx3 deﬁnes an
equivalence domain for lens and anterior pituitary placode.
Development, 132, 1579–1590.
25. Sjodal,M., Edlund,T. and Gunhaga,L. (2007) Time of exposure to
BMP signals plays a key role in the speciﬁcation of the olfactory
and lens placodes ex vivo. Dev. Cell, 13, 141–149.
26. Zilinski,C.A., Shah,R., Lane,M.E. and Jamrich,M. (2005)
Modulation of zebraﬁsh pitx3 expression in the primordia of the
pituitary, lens, olfactory epithelium and cranial ganglia by
hedgehog and nodal signaling. Genesis, 41, 33–40.
27. Griep,A.E. and Zhang,P. (2004) In: Lovicu,F.J. and
Robinson,M.L. (eds), Development of the Ocular Lens. Cambridge
University Press, Cambridge, UK.

Nucleic Acids Research, 2013, Vol. 41, No. 22 10213

protein 1 involving Foxe3 activation. Development, 132,
4437–4448.
72. Barton,K.A., Hsu,C.D. and Petrash,J.M. (2009) Interactions
between small heat shock protein alpha-crystallin and galectinrelated interﬁber protein (GRIFIN) in the ocular lens.
Biochemistry, 48, 3956–3966.
73. Aldahmesh,M.A., Khan,A.O., Mohamed,J.Y., Alkuraya,H.,
Ahmed,H., Bobis,S., Al-Mesfer,S. and Alkuraya,F.S. (2011)
Identiﬁcation of ADAMTS18 as a gene mutated in Knobloch
syndrome. J. Med. Genet., 48, 597–601.
74. Gilmour,D.T., Lyon,G.J., Carlton,M.B., Sanes,J.R.,
Cunningham,J.M., Anderson,J.R., Hogan,B.L., Evans,M.J. and
Colledge,W.H. (1998) Mice deﬁcient for the secreted glycoprotein
SPARC/osteonectin/BM40 develop normally but show severe ageonset cataract formation and disruption of the lens. EMBO J.,
17, 1860–1870.
75. Kantorow,M., Horwitz,J. and Carper,D. (1998) Up-regulation of
osteonectin/SPARC in age-related cataractous human lens
epithelia. Mol. Vis., 4, 17.
76. Norose,K., Clark,J.I., Syed,N.A., Basu,A., Heber-Katz,E.,
Sage,E.H. and Howe,C.C. (1998) SPARC deﬁciency leads to
early-onset cataractogenesis. Invest. Ophthalmol. Vis. Sci., 39,
2674–2680.
77. Pennisi,D.J., Wilkinson,L., Kolle,G., Sohaskey,M.L., Gillinder,K.,
Piper,M.J., McAvoy,J.W., Lovicu,F.J. and Little,M.H. (2007)
Crim1KST264/KST264 mice display a disruption of the Crim1
gene resulting in perinatal lethality with defects in multiple organ
systems. Dev. Dyn., 236, 502–511.
78. Yamada,R., Mizutani-Koseki,Y., Hasegawa,T., Osumi,N.,
Koseki,H. and Takahashi,N. (2003) Cell-autonomous involvement
of Mab21l1 is essential for lens placode development.
Development, 130, 1759–1770.
79. Zhang,X., Friedman,A., Heaney,S., Purcell,P. and Maas,R.L.
(2002) Meis homeoproteins directly regulate Pax6 during
vertebrate lens morphogenesis. Genes Dev., 16, 2097–2107.
80. Ahram,D., Sato,T.S., Kohilan,A., Tayeh,M., Chen,S., Leal,S., AlSalem,M. and El-Shanti,H. (2009) A homozygous mutation in
ADAMTSL4 causes autosomal-recessive isolated ectopia lentis.
Am. J. Hum. Genet., 84, 274–278.
81. Chen,Y., Doughman,Y.Q., Gu,S., Jarrell,A., Aota,S., Cvekl,A.,
Watanabe,M., Dunwoodie,S.L., Johnson,R.S., van Heyningen,V.
et al. (2008) Cited2 is required for the proper formation of the
hyaloid vasculature and for lens morphogenesis. Development,
135, 2939–2948.
82. Lachke,S.A., Alkuraya,F.S., Kneeland,S.C., Ohn,T.,
Aboukhalil,A., Howell,G.R., Saadi,I., Cavallesco,R., Yue,Y.,
Tsai,A.C. et al. (2011) Mutations in the RNA granule component
TDRD7 cause cataract and glaucoma. Science, 331, 1571–1576.
83. Semina,E.V., Murray,J.C., Reiter,R., Hrstka,R.F. and Graw,J.
(2000) Deletion in the promoter region and altered expression of
Pitx3 homeobox gene in aphakia mice. Hum. Mol. Genet., 9,
1575–1585.
84. Kamachi,Y., Uchikawa,M., Collignon,J., Lovell-Badge,R. and
Kondoh,H. (1998) Involvement of Sox1, 2 and 3 in the early and
subsequent molecular events of lens induction. Development, 125,
2521–2532.
85. Luo,G., Hofmann,C., Bronckers,A.L., Sohocki,M., Bradley,A.
and Karsenty,G. (1995) BMP-7 is an inducer of nephrogenesis,
and is also required for eye development and skeletal patterning.
Genes Dev., 9, 2808–2820.
86. Ng,D., Thakker,N., Corcoran,C.M., Donnai,D., Perveen,R.,
Schneider,A., Hadley,D.W., Tifft,C., Zhang,L., Wilkie,A.O. et al.
(2004) Oculofaciocardiodental and Lenz microphthalmia
syndromes result from distinct classes of mutations in BCOR.
Nat. Genet., 36, 411–416.
87. Shaham,O., Gueta,K., Mor,E., Oren-Giladi,P., Grinberg,D.,
Xie,Q., Cvekl,A., Shomron,N., Davis,N., Keydar-Prizant,M. et al.
(2013) Pax6 regulates gene expression in the vertebrate lens
through miR-204. PLoS Genet., 9, e1003357.
88. Wurm,A., Sock,E., Fuchshofer,R., Wegner,M. and Tamm,E.R.
(2008) Anterior segment dysgenesis in the eyes of mice deﬁcient
for the high-mobility-group transcription factor Sox11. Exp. Eye
Res., 86, 895–907.

Downloaded from http://nar.oxfordjournals.org/ at Washington University, Law School Library on February 1, 2014

50. Shaham,O., Smith,A.N., Robinson,M.L., Taketo,M.M.,
Lang,R.A. and Ashery-Padan,R. (2009) Pax6 is essential for lens
ﬁber cell differentiation. Development, 136, 2567–2578.
51. van Raamsdonk,C.D. and Tilghman,S.M. (2000) Dosage
requirement and allelic expression of PAX6 during lens placode
formation. Development, 127, 5439–5448.
52. Wigle,J.T., Chowdhury,K., Gruss,P. and Oliver,G. (1999) Prox1
function is crucial for mouse lens-ﬁbre elongation. Nat. Genet.,
21, 318–322.
53. Chen,X., Taube,J.R., Simirskii,V.I., Patel,T.P. and Duncan,M.K.
(2008) Dual roles for Prox1 in the regulation of the chicken
betaB1-crystallin promoter. Invest. Ophthalmol. Vis. Sci., 49,
1542–1552.
54. Cui,W., Tomarev,S.I., Piatigorsky,J., Chepelinsky,A.B. and
Duncan,M.K. (2004) Mafs, Prox1and Pax6 can regulate chicken
betaB1-crystallin gene expression. J. Biol. Chem., 279,
11088–11095.
55. Duncan,M.K., Cui,W., Oh,D.J. and Tomarev,S.I. (2002) Prox1 is
differentially localized during lens development. Mech. Dev., 112,
195–198.
56. Levrero,M., De Laurenzi,V., Costanzo,A., Gong,J., Wang,J.Y.
and Melino,G. (2000) The p53/p63/p73 family of transcription
factors: overlapping and distinct functions. J. Cell. Sci.,
113(Pt 10), 1661–1670.
57. Koster,M.I., Kim,S., Mills,A.A., DeMayo,F.J. and Roop,D.R.
(2004) p63 is the molecular switch for initiation of an epithelial
stratiﬁcation program. Genes Dev., 18, 126–131.
58. McKeon,F. (2004) p63 and the epithelial stem cell: more than
status quo? Genes Dev., 18, 465–469.
59. Pellegrini,G., Dellambra,E., Golisano,O., Martinelli,E.,
Fantozzi,I., Bondanza,S., Ponzin,D., McKeon,F. and De Luca,M.
(2001) p63 identiﬁes keratinocyte stem cells. Proc. Natl Acad. Sci.
USA, 98, 3156–3161.
60. Senoo,M., Pinto,F., Crum,C.P. and McKeon,F. (2007) p63 Is
essential for the proliferative potential of stem cells in stratiﬁed
epithelia. Cell, 129, 523–536.
61. Pontoriero,G.F., Smith,A.N., Miller,L.A., Radice,G.L., WestMays,J.A. and Lang,R.A. (2009) Co-operative roles for Ecadherin and N-cadherin during lens vesicle separation and lens
epithelial cell survival. Dev. Biol., 326, 403–417.
62. Xu,L., Overbeek,P.A. and Reneker,L.W. (2002) Systematic
analysis of E-, N- and P-cadherin expression in mouse eye
development. Exp. Eye. Res., 74, 753–760.
63. White,T., Bruzzone,R., Goodenough,D. and Paul,D. (1992)
Mouse Cx50, a functional member of the connexin family ofgap
junction proteins, is the lens ﬁber protein MP70. Mol. Biol. Cell,
3, 711–720.
64. Shiels,A., Bassnett,S., Varadaraj,K., Mathias,R., Al-Ghoul,K.,
Kuszak,J., Donoviel,D., Lilleberg,S., Friedrich,G. and
Zambrowicz,B. (2001) Optical dysfunction of the crystalline lens
in aquaporin-0-deﬁcient mice. Physiol. Genomics, 7, 179–186.
65. Le,T.T., Conley,K.W. and Brown,N.L. (2009) Jagged 1 is
necessary for normal mouse lens formation. Dev. Biol., 328,
118–126.
66. Ring,B.Z., Cordes,S.P., Overbeek,P.A. and Barsh,G.S. (2000)
Regulation of mouse lens ﬁber cell development and
differentiation by the Maf gene. Development, 127, 307–317.
67. Xie,Q. and Cvekl,A. (2011) The orchestration of mammalian
tissue morphogenesis through a series of coherent feed-forward
loops. J. Biol. Chem., 286, 43259–43271.
68. Saika,S., Liu,C.Y., Azhar,M., Sanford,L.P., Doetschman,T.,
Gendron,R.L., Kao,C.W. and Kao,W.W. (2001) TGFbeta2 in
corneal morphogenesis during mouse embryonic development.
Dev. Biol., 240, 419–432.
69. Wolf,L.V., Yang,Y., Wang,J., Xie,Q., Braunger,B., Tamm,E.R.,
Zavadil,J. and Cvekl,A. (2009) Identiﬁcation of pax6-dependent
gene regulatory networks in the mouse lens. PLoS One, 4, e4159.
70. Machon,O., Kreslova,J., Ruzickova,J., Vacik,T., Klimova,L.,
Fujimura,N., Lachova,J. and Kozmik,Z. (2010) Lens
morphogenesis is dependent on Pax6-mediated inhibition of the
canonical Wnt/beta-catenin signaling in the lens surface ectoderm.
Genesis, 48, 86–95.
71. Yoshimoto,A., Saigou,Y., Higashi,Y. and Kondoh,H. (2005)
Regulation of ocular lens development by Smad-interacting

10214 Nucleic Acids Research, 2013, Vol. 41, No. 22

of the transcriptional corepressor CtBP2. J. Biol. Chem., 281,
4183–4189.
105. Levy,L., Wei,Y., Labalette,C., Wu,Y., Renard,C.A.,
Buendia,M.A. and Neuveut,C. (2004) Acetylation of beta-catenin
by p300 regulates beta-catenin-Tcf4 interaction. Mol. Cell. Biol.,
24, 3404–3414.
106. Smith,A.N., Miller,L.A., Song,N., Taketo,M.M. and Lang,R.A.
(2005) The duality of beta-catenin function: a requirement in
lens morphogenesis and signaling suppression of lens fate in
periocular ectoderm. Dev. Biol., 285, 477–489.
107. Chen,Q., Liang,D., Fromm,L.D. and Overbeek,P.A. (2004)
Inhibition of lens ﬁber cell morphogenesis by expression
of a mutant SV40 large T antigen that binds CREBbinding protein/p300 but not pRb. J. Biol. Chem., 279,
17667–17673.
108. Chen,Q., Ash,J.D., Branton,P., Fromm,L. and Overbeek,P.A.
(2002) Inhibition of crystallin expression and induction of
apoptosis by lens-speciﬁc E1A expression in transgenic mice.
Oncogene, 21, 1028–1037.
109. Chen,Q., Dowhan,D.H., Liang,D., Moore,D.D. and
Overbeek,P.A. (2002) CREB-binding protein/p300 co-activation
of crystallin gene expression. J. Biol. Chem., 277, 24081–24089.
110. Chauhan,B.K., Yang,Y., Cveklova,K. and Cvekl,A. (2004)
Functional interactions between alternatively spliced forms of
Pax6 in crystallin gene regulation and in haploinsufﬁciency.
Nucleic Acids Res., 32, 1696–1709.
111. Kawauchi,S., Takahashi,S., Nakajima,O., Ogino,H., Morita,M.,
Nishizawa,M., Yasuda,K. and Yamamoto,M. (1999) Regulation
of lens ﬁber cell differentiation by transcription factor c-Maf.
J. Biol. Chem., 274, 19254–19260.
112. Kim,J.I., Li,T., Ho,I.C., Grusby,M.J. and Glimcher,L.H. (1999)
Requirement for the c-Maf transcription factor in crystallin gene
regulation and lens development. Proc. Natl Acad. Sci. USA, 96,
3781–3785.
113. Yang,Y., Chauhan,B.K., Cveklova,K. and Cvekl,A. (2004)
Transcriptional regulation of mouse alphaB- and gammaFcrystallin genes in lens: opposite promoter-speciﬁc interactions
between Pax6 and large Maf transcription factors. J. Mol. Biol.,
344, 351–368.
114. Yang,Y. and Cvekl,A. (2005) Tissue-speciﬁc regulation of the
mouse alphaA-crystallin gene in lens via recruitment of Pax6
and c-Maf to its promoter. J. Mol. Biol., 351, 453–469.
115. Yang,Y., Wolf,L.V. and Cvekl,A. (2007) Distinct embryonic
expression and localization of CBP and p300 histone
acetyltransferases at the mouse alphaA-crystallin locus in lens.
J. Mol. Biol., 369, 917–926.
116. Jenuwein,T. and Allis,C.D. (2001) Translating the histone code.
Science, 293, 1074–1080.
117. Strahl,B.D. and Allis,C.D. (2000) The language of covalent
histone modiﬁcations. Nature, 403, 41–45.

Downloaded from http://nar.oxfordjournals.org/ at Washington University, Law School Library on February 1, 2014

89. Martins,R.A., Zindy,F., Donovan,S., Zhang,J., Pounds,S.,
Wey,A., Knoepﬂer,P.S., Eisenman,R.N., Roussel,M.F. and
Dyer,M.A. (2008) N-myc coordinates retinal growth with eye size
during mouse development. Genes Dev., 22, 179–193.
90. Hussain,M.A. and Habener,J.F. (1999) Glucagon gene
transcription activation mediated by synergistic interactions of
pax-6 and cdx-2 with the p300 co-activator. J. Biol. Chem., 274,
28950–28957.
91. Holmqvist,P.H. and Mannervik,M. (2013) Genomic occupancy of
the transcriptional co-activators p300 and CBP. Transcription, 4,
18–23.
92. Wawersik,S., Purcell,P., Rauchman,M., Dudley,A.T.,
Robertson,E.J. and Maas,R. (1999) BMP7 acts in murine lens
placode development. Dev. Biol., 207, 176–188.
93. Furuta,Y. and Hogan,B.L. (1998) BMP4 is essential for lens
induction in the mouse embryo. Genes Dev., 12, 3764–3775.
94. Yang,C., Yang,Y., Brennan,L., Bouhassira,E.E., Kantorow,M.
and Cvekl,A. (2010) Efﬁcient generation of lens progenitor cells
and lentoid bodies from human embryonic stem cells in
chemically deﬁned conditions. FASEB J., 24, 3274–3283.
95. Robinson,M.L. (2006) An essential role for FGF receptor
signaling in lens development. Semin. Cell Dev. Biol., 17,
726–740.
96. Smith,A.N., Radice,G. and Lang,R.A. (2010) Which FGF
ligands are involved in lens induction? Dev. Biol., 337, 195–198.
97. Oikawa,T. and Yamada,T. (2003) Molecular biology of the Ets
family of transcription factors. Gene, 303, 11–34.
98. Turner,N. and Grose,R. (2010) Fibroblast growth factor
signalling: from development to cancer. Nat. Rev. Cancer., 10,
116–129.
99. Margueron,R., Trojer,P. and Reinberg,D. (2005) The key to
development: interpreting the histone code? Curr. Opin. Genet.
Dev., 15, 163–176.
100. Turner,B.M. (2007) Deﬁning an epigenetic code. Nat. Cell Biol.,
9, 2–6.
101. Goel,A. and Janknecht,R. (2003) Acetylation-mediated
transcriptional activation of the ETS protein ER81 by p300, P/
CAF, and HER2/Neu. Mol. Cell. Biol., 23, 6243–6254.
102. Czuwara-Ladykowska,J., Sementchenko,V.I., Watson,D.K. and
Trojanowska,M. (2002) Ets1 is an effector of the transforming
growth factor beta (TGF-beta) signaling pathway and an
antagonist of the proﬁbrotic effects of TGF-beta. J. Biol. Chem.,
277, 20399–20408.
103. Kang,H.S., Nelson,M.L., Mackereth,C.D., Scharpf,M.,
Graves,B.J. and McIntosh,L.P. (2008) Identiﬁcation and
structural characterization of a CBP/p300-binding domain from
the ETS family transcription factor GABP alpha. J. Mol. Biol.,
377, 636–646.
104. Zhao,L.J., Subramanian,T., Zhou,Y. and Chinnadurai,G. (2006)
Acetylation by p300 regulates nuclear localization and function

